Abstract A new isolate (Mg-mungbean-1) of yellow mosaic virus (YMV) was identified and characterized from mungbean growing in mid-hill condition of Meghalaya, India. Full genome of components (DNA A and DNA B; NCBI accessions number KU95030 and KU95031, respectively) of the virus were amplified through rolling circle amplification and sequenced. Both, DNA A and DNA B shared a common region (CR) with 90.4% similarity. The DNA A of Mg-mungbean-1 showed maximum (97.59%) nucleotide identity with mungbean yellow mosaic India virus (MYMIV) isolate (HF922628) reported from West Bengal, India and DNA B showed * 96% nucleotide identity with mungbean yellow mosaic virus (MYMV) isolates having variant DNA B. Phylogenetic tree of DNA A also identified Mg-mungbean-1 as a MYMIV. Based on DNA B the current isolate grouped with the variant Indian MYMV isolates. One recombination event in the CR of DNA B of Mg-mungbean-1 was detected, where MYMV:India:clonePB1 and MYMIV:India:cloneMBB-B31 have been identified as major and minor parents, respectively. Overall, the current study indicated occurrence of an isolate of MYMIV with a recombinant DNA B component on mungbean from midhills of Meghalaya, India. To the best of our knowledge this is the first molecular characterization of YMV from northeast India.
Introduction
The yellow mosaic disease (YMD) of legumes is a major constraint for pulse production across the Indian sub-continent [28] . It affects five major crops such as mungbean, urdbean, french bean, pigeon pea and soybean along with other legumes. YMD symptoms largely depend on host species and susceptibility. On mungbean plants, it initially appears as small scattered chlorotic specks on young leaves. Later these specks coalesce to give mosaic pattern followed by complete chlorosis and necrosis. Infected plant bears few flowers and deformed pods with some poorly filled shriveled seeds. Thus, the disease affects both quality and quantity of the seed yield. Depending on the severity of the disease infection, the yield penalty may reach up to 85% [9] .
At present, four distinct bipartite begomoviruses are recognized as causal agent of YMD of legumes in southern Asia [20] which are collectively known as the yellow mosaic viruses (YMVs): mungbean yellow mosaic virus (MYMV), mungbean yellow mosaic India virus (MYMIV), horsegram yellow mosaic virus (HgYMV) and dolichos yellow mosaic virus (DoYMV). The virus species belong to the genus Begomovirus in the family Geminiviridae [11] and transmitted by whitefly (Bemisia tabaci) in a persistent (circulative) manner. The members of Begomovirus has bipartite, circular single stranded DNA (cssDNA) genome encapsidated in geminate icosahedral particles (18-20 9 30 nm size) and replicate by rolling circle mechanism. The genome comprises of two components known as DNA A and DNA B, which are about 2800 nucleotides in length. The two components have a highly conserved intergenic common region (CR) containing a stem-loop structure with the invariant nonanucleotide motif (TAATATTAC) that marks the origin of virion-strand DNA replication. The larger component i.e., DNA A has seven genes or open reading frames (ORFs) which encode proteins required for encapsidation, replication and transcription regulation. The DNA B component has two ORFs that encode protein for inter and intracellular movement of the virus. Apart from it, satellite DNA molecule (* 1300 bp length) has been found associated with the virus which is responsible for causing typical symptoms in the primary host [3] . Nucleotide sequence identity \ 89% is generally considered indicative of a distinct species within the genus Begomovirus [11] .
The YMVs have a very narrow host range within legumes and causes biologically indistinguishable symptoms, making specific identification of the viruses difficult [19] . They are closely related and have distinct but overlapping host ranges. In India, MYMV and MYMIV are most important as they infect large number of legumes [21] . Among them MYMIV is predominant in northern, central and eastern regions of India [27] whereas, MYMV is more ubiquitous in the southern and western regions [6, 10] . Incidence of HgYMV [1] and DoYMV has also been reported along with some reports on mixed infection from India [16] .
Breeding for resistance to YMV(s) is largely advocated as the key scheme for efficient management of YMD. Thus, it is crucial to understand the relationship between the YMV(s) affecting different legumes, as well as, to consider the diversity among the various isolates of the virus too. The incidence and diversity of YMVs has been well documented from plains of India. The north-eastern region of India is a bio-diversity hotspot and possesses diverse germplasm of black gram, cow pea and rice bean. Earlier report suggested mungbean yellow mosaic virus disease as the main constraint for mungbean cultivation in Assam [17] . However, the molecular evidence on actual YMV species affecting various legumes in this region is not well documented. In the current study, the complete genome of a new YMV isolate from mungbean grown under mid-hill of Meghalaya, India has been characterized. The nucleotide identity and phylogeny of the current isolate was assessed with those of earlier reported MYMV, MYMIV, HgYMV and DoYMV. We have also performed recombination analyses for better understanding of genetic distinctiveness of DNA B component.
Materials and methods
Virus source and sequencing of viral genome Total genomic DNA from the leaf samples was extracted using DNeasy Plant Mini Kit (Qiagen, Germany). Full length viral genomes (DNA A and DNA B) were amplified through rolling circle amplification (RCA) mechanism using REPLI-g Ò minikit (Qiagen, Germany). Aliquots of RCA product were digested with a range of restriction endonucleases (BamHI, BglI, EcoRI, EcoRV, HindIII, PstI, SalI, SacI and XbaI) to identify single cutting enzyme giving linear products of * 2700 nucleotide length. The full-length DNA A (produced using restriction enzyme EcoRV) and DNA B (produced using restriction enzyme BglI) were gel purified (Gel extraction kit, Qiagen, Germany) and sequenced bi-directionally (Xcelris Genomics, India).
Sequence analysis
Sequence data were assembled and analyzed using Bioedit (V7.2). The open reading frames (ORFs) were determined by ORF finder available at NCBI (www.ncbi.nlm.nih.gov/ gorf/gorf.html). The identity and homology of the sequences were first evaluated using the BLASTN program. The full-length DNA A and DNA B sequences of Meghalaya isolate (further stated as Mg-mungbean-1) were deposited in NCBI GenBank with the accession numbers KU950430 and KU950431, respectively. For further analysis, reference sequences (DNA A and DNA B) of MYMIV, MYMV, HgYMV, DoYMV were downloaded from NCBI website (Supplementary Tables 1 & 2) . The Tomato leaf curl New Delhi virus (ToLCNDV) was used as an out-group member.
Percent nucleotide identity and phylogenetic analysis
Pairwise percent nucleotide identity of both DNA A and DNA B and different ORFs were obtained using the software package SDTv1.2 [14] . The DNA A of Mg-mungbean-1was compared with 64 reported DNA A sequences: MYMIV (56), MYMV (5), HgYMV (1), DoYMV (1) Table 2 ). DNA sequences were aligned using ClustalW algorithm of MEGA6 [25] . The Phylogenetic tree for DNA A and DNA B was constructed on the matrices of aligned sequences with1000 bootstrap replicates following neighbour-joining phylogeny of MEGA6.
Recombination analysis
Recombination analysis of DNA B of Mg-mungbean-1 was carried out using seven different methods (RDP, GEN-COV, BOOTSCAN, MAXCHI, CHIMERA, SISCAN and 3SEQ) implemented in RDP4 (V4.22) [13] . On the basis of phylogenetic grouping of DNA B, 23 reference isolates identified including MYMIV (9 isolates) and MYMV (14 isolates) along with the Mg-mungbean-1 to perform the intra-component recombination (Supplementary Table 2 ). Recombination signals detected by at least three recombination detection methods, coupled with phylogenetic evidence of recombination, were considered as genuine recombination events.
Results

Genomic features of Mg-mungbean-1
The genomic features of Mg-mungbean-1 from Meghalaya has been presented in Supplementary Table 3 . The nucleotide length was determined to be 2741 bp for DNA A and 2656 bp for DNA B. Both DNA A and DNA B encoded predicted ORFs typical of old world begomoviruses. The DNA A encodes seven ORFs, two (AV1 and AV2) in the virion-sense strand (5 0 -3 0 ) and five (AC1-5) ORFs in the complementary sense strand (3 0 -5 0 ). The second component DNA B encoded two predicted ORFs (BV1 and BC1), one in each orientation.
The pairwise alignment of non-coding regions between ORF AC1/AV2 in DNA A and BC1/BV1 in DNA B identified a CR in both DNA A and DNA B ( Supplementary  Fig. 1 ). The length of CR was 124 bp in DNA A (nucleotide 2644-26) and 121 bp in DNA B (nucleotide 2562-26) and they shared 90.4% nucleotide similarity to each other. The CR region of both DNA A and DNA B possessed the stem-loop structure with the loop containing the invariant nonanucleotide motif (TAATATTAC) that indicated the origin of virion-strand DNA replication. Moreover, the reported replication initiation protein binding iteron sequence (ATCGGTGT) was identified in CR of both DNA A and DNA B (Supplementary Fig. 1 ). However, instead of three iterons, commonly found, only two iterons has been identified in both DNA A and DNA B due to the nucleotide deletion (DNA A) and substitution (DNA B). All the iterons has been identified upstream of TATA box (TATATAT).
Percent identity and phylogeny
The full genomic component, as well as, different ORFs and CR of Mg-mungbean-1 was compared with the reference sequences. The DNA A component of Mg-mungbean-1 showed maximum (95.62-97.59%) nucleotide sequence similarity with isolate of MYMIV reported from India, Pakistan, Nepal, Bangladesh and Indonesia (Supplementary Table 4 Among the genes, transcription activator (AC2) and replication enhancer (AC3) were found to be highly similar ([ 99%) with MYMIV:India:Bengal. Interestingly, AV1 and AC5 of Mg-mungbean-1 showed 94.14 and 94.84% nucleotide identity, respectively with MYMV isolate originating from urdbean (MYMV:India:Urdbean:clone MF2, JQ398669). Rest of the genes maintained lower levels of identity with MYMV isolates (\ 88%). Like the genes, the CR of DNA A of Mg-mungbean-1 showed maximum identity (88.78-98.98%) with MYMIV isolates. However, the highest identity of 98.98% was observed with most of the MYMIV isolates reported from Pakistan, Nepal and few isolates reported from Varanasi, India (Supplementary Table 4 ). Among the MYMIV, it showed the least identity (88.78%) with isolate reported from Bangladesh (MYMIV:Bangladesh, AF314145). On the other hand, the CR of present isolate showed highly variable identity to MYMV (47.97-71.13%), and lower identity with HgYMV (76.04%), DoYMV (44.26%) and ToLCNDV (52.85%).
A phylogenetic analysis of the complete DNA A sequence of Mg-mungbean-1 and reference isolates showed that the legume infecting YMV species (MYMIV, MYMV, HgYMV and DoYMV) clustered separately to that of begomoviruses infecting non-leguminous host (ToLCNDV) (Supplementary Fig. 2 ). The YMV cluster was further divided into species-specific clade, where the basal cluster was formed by DoYMV indicating it to be distinct from all other legume infecting YMV species. The DNA A of Mg-mungbean-1 clustered within MYMIV clade together with isolates originating from India (Bengal: HF922628, clone PPst 1: KP313758, Gujarat: AY937195 and AY618902), Bangladesh (AF314145) and Indonesia (JN368432-JN368439) and formed a distinct cluster basal to the remaining MYMIV DNA A sequences (Supplementary Fig. 2 ). These findings indicated that the YMV isolate from Meghalaya (Mg-mungbean-1) is an isolate of MYMIV, for which we proposed the isolate descriptor Mungbean yellow mosaic India virus, Meghalaya isolate (MYMIV:India: Mg-mungbean-1).
Comparison of DNA B sequence of Mg-mungbean-1 to the reference sequences indicated that it is most similar (* 96% nucleotide sequence identity) to the sequences of DNA B components associated with MYMV isolates (LjKu01:KP319016; LjKu02:KP319017; LBG623:KF92 8962 and LBG623-EcoRI) from India reported to have recombinant DNA B (Supplementary Table 5 ). It was also noted that DNA B of Mg-mungbean-1 showed 90-94% nucleotide identity with both MYMIV and MYMV. The current isolate (Mg-mungbean-1) shared lower level of genetic identity (90.19-91.96%) with isolates reported from India, Pakistan and Nepal. Whereas, it showed higher genetic identity (94.00-94.57%) with isolates reported from Indonesia and one isolate originating from cowpea from Gujarat, India (AY937196 reported to have DNA B variant). Nucleotide identity of 92.20-94.09% was shared with MYMV isolates reported from India (Supplementary Table 5 ). The DNA B of Mgmungbean-1 showed lower level of genetic identity with HgYMV (71.40%), DoYMV (61.49%) and ToLCNDV (48.78%). Both the genes in DNA B (BV1 and BC1) showed 91.83-95.43 and 95.07-97.15% nucleotide identity with MYMIV and MYMV isolates, respectively (Supplementary Table 5 ). Like the DNA B component, both BV1 and BC1 genes also showed lower level of genetic identity with HgYMV (73.80 and 79.15%, respectively), DoYMV (60.16 and 69.80%, respectively) and ToLCNDV (47.42 and 52.02%, respectively) (Supplementary Table 5 ). Interestingly, the CR of DNA B of Mg-mungbean-1 shared only 85.26-92.37% nucleotide identity with MYMIV reported from India, Pakistan and Nepal, but it had comparatively higher level of identity (96.34-96.77%) with MYMIV isolates reported from Indonesia and the DNA B variant reported from Gujarat, India (AY937196). Although the CR region of DNA B of Mg-mungbean-1 showed the highest identity ([ 98%) with the recombinant MYMV DNA B, but very lower level of nucleotide identity (47.06-72.63%) was shared with remaining MYMV isolates reported from India. Thus, the DNA B of Mgmungbean-1 showed higher level of similarity with MYMV isolates for full genome and genes, but for the CR region it showed higher similarity with MYMIV isolates.
The phylogenetic analysis based on DNA B sequences also showed species-specific clustering similar to that of DNA A (Supplementary Fig. 3 ). The MYMIV and MYMV isolates formed four groups viz., MYMIV(i), MYMIV(ii), MYMV(i) and MYMV(ii). The first group MYMIV(i) was composed of isolates reported from India, Pakistan and Nepal, whereas MYMIV(ii) was composed of isolates reported from Indonesia and the variant isolate reported from Gujarat, India (AY937196). In case of MYMV, the MYMV(i) was group of isolates reported from India and MYMV(ii) was of MYMV isolates having recombinant DNA B (Supplementary Fig. 3 ). Three groups [MYMI-V(ii), MYMV(i) and MYMV(ii)] showed their position within a same sub-cluster where MYMV(ii) positioned between MYMIV(ii) and MYMV(i). The DNA B of Mgmungbean-1 grouped with MYMV(ii) indicating variant or recombinant nature, which was also noticed during comparison of genomic components. Moreover, within MYMV(ii), Mg-mungbean-1 was the most distinct and basal to this group of sequences. Interestingly, the close association of Mg-mungbean-1 with an isolate originating from Tamil Nadu (LjKu01) indicated close relation between two isolates; those have geographical distance of 5000 km.
Intra-component recombination pattern
Intra-component recombination analysis was performed for DNA B of Mg-mungbean-1 including the isolates from MYMIV(ii) and MYMV(i) for better understanding on the evolution of DNA B of current isolate. In case of Mgmungbean-1, a single intra-component recombination event was identified at nucleotide 2462-2729 (Fig. 1) corresponding to 5 0 end region of CR (nucleotide position 2526-26). In this recombination event, one MYMV isolate from MYMV(i) (KC911731;MYMV:India:clonePB1) was the major parent and MYMIV:India:cloneMBB-B31 (AY937196) from MYMIV (ii) was the minor parent to Mgmungbean-1. The P-values of different recombination methods has been presented in Supplementary Table 6 . Thus, in this recombination event, a region encompassing the CR sequence of MYMV:India:clonePB1 was recombined with the corresponding region of MYMIV:India:cloneMBB-B31, resulting the recombinant DNA B of Mg-mungbean-1. Phylogenetic analysis of recombined and non-recombined regions of DNA B revealed significant differences in tree topologies (Fig. 1) . The Mg-mungbean-1 clustered with major parent (MYMV:India:clonePB1) and all other isolates of MYMV(i) when only non-recombined region was considered for constructing the tree. Whereas, it clustered with minor parent (MYMIV:India:cloneMBB-B31) and other isolates of MYMIV(ii) based on the recombined region. Thus, a major genomic region of DNA B of Mg-mungbean-1 was derived from MYMV, but the CR region was replaced by MYMIV.
Discussion
In the present study, a new YMV isolate from mungbean grown under mid-hill condition of Meghalaya, India was characterized based on RCA followed by sequencing. RCA is a simple method based on the amplification of the circular DNA (Begomovirus) using bacteriophage /29 DNA polymerase under an isothermal condition resulting exponential amplification of circular DNA [7] . RCA provides the opportunity to generate full genome size DNA fragments of the viruses for characterization [7, 8] . RCA of one symptomatic samples of mungbean from Meghalaya resulted in identification of two DNA molecules of * 2.7 Kb. Full sequence of one of them (digested with EcoRV) showed * 97% identity with MYMIV DNA A (HF922628), whereas the ORFs and full-length sequence analysis of other DNA molecule (digested with BglI) indicated it to be DNA B, which showed maximum nucleotide identity of * 96% with DNA B variants (KP319016 and KP319017). Earlier reports also showed specificity of restriction enzymes EcoRV and BglI for MYMIV DNA A and DNA B, respectively [15] .
The sequence analysis showed that both DNA A and DNA B of the present isolate (Mg-mungbean-1) had all the characteristic features of begomoviruses viz., ORFs typical of Old World begomoviruses, the conserved replication initiation protein binding iterons, TATA box and stem-loop structure [4, 5, 8, 12] . The iterons located in the CR upstream of the nonanucleotide motifs are important for trans-replication. Although the sequence of the iterons of Meghalaya isolate is the same as that of earlier reported MYMV and MYMIV isolates (ATCGGTGT), but only two iterons instead of three have been identified in both DNA A and DNA B of Mg-mungbean-1. Whether these differences would prevent trans-replication remains to be determined. Further, nucleotide similarity between CR of DNA A and DNA B of Meghalaya isolate was 90.4%, which is much higher than the threshold ([ 85%) for considering a DNA B molecule as cognate of DNA A [2] . Therefore, the YMV isolate from mungbean in mid-hills of Meghalaya was identified as a member of MYMIV (DNA A:KU95030 and DNA B:KU95031). Further the phylogenetic analysis of DNA A of Mg-mungbean-1 confirmed it to be a MYMIV showing clustering within MYMIV cluster. However, the DNA B of Mg-mungbean-1 grouped with variant MYMV isolates from India.
Genetic recombination is a significant contributor to the development of novel genetic variations in geminiviruses [24, 29] . In case of begomoviruses, putative recombination events happen throughout the virus genome, however, the intergenic region and AC1 are considered to be recombination hot spots [26] . In the present study, one recombination event was identified in the CR of DNA B for which MYMV:India:clonePB1 [from MYMV(i) group] and MYMIV:India:cloneMBB-B31 [from MYMIV(ii) group] were identified as major and minor parents, respectively. This clearly indicated that DNA B of Mg-mungbean-1 is a recombinant, with most of the sequence derived from MYMV but with the CR derived from MYMIV isolate reported to have variant DNA B [8] . This phenomenon of component exchange, called as pseudo-recombination for begomoviruses, is well documented [8, 22, 23] . As the interaction between replication initiation protein and iterons is highly specific, in most cases it prevents any functional interaction between components of members of distinct begomovirus species [4, 5, 18] . However, for the MYMIV:India: Mg-mungbean-1 DNA B this incompatibility might have been overcome by exchange of intergenic region/CR sequences as of earlier reported for MYMIV:India:cloneMBB-B31 (the minor parent).
Overall, the present study provided strong molecular evidence on occurrence of a MYMIV isolate associated with a recombinant DNA B in mid-hill condition of Meghalaya, India. However, to prove unequivocally that both the components; DNA A and DNA B of Mg-mungbean-1 are responsible for causing yellow mosaic symptoms in various leguminous crops, infectious clones should be produced and inoculated into test plants. To the best of our knowledge, this is the first molecular confirmation and characterization of legume infecting YMV from north-east India.
